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Abstract. Wildlife is a maintenance host for several significant livestock diseases. Interspecific pathogen
transmission may occur in complex socio-ecological systems at wild-domestic interfaces that have so far
been seldom studied. We investigated the relationship between the dynamics of foot and mouth disease
(FMD) in vaccinated and unvaccinated cattle populations with respect to frequency of contacts with
African buffalo at different buffalo-cattle interfaces.
A total of 36 GPS collars were deployed on African buffalo (Syncerus caffer) and cattle (Bos taurus, Bos
indicus) to assess contact patterns at the periphery of 3 protected areas in Zimbabwe. Simultaneously, a
longitudinal survey of 300 cattle with five repeated sampling sessions on known individuals during 16
months was undertaken. Immunological assays (ELISAs), that allowed tracking the production of
antibodies following infection or vaccination, were used to assess serological transitions (i.e., incidence and
reversion) in the surveyed cattle. Variation in rates of serological transitions across seasons, sites and as a
function of the frequency of contact with buffalo was analyzed using generalized linear mixed models.
The incidence in the cattle populations of FMD antibodies produced following infection varied among
sites and as a function of contact rates with African buffalo. The incidence was higher for sites with higher
contact rates between the two species. The serological incidence was also related to seasons, being higher
during the dry or rainy seasons depending on sites. The reversion rate pattern was the opposite of this
incidence rate pattern. Vaccination seemed partly efficient at the individual level, but it did not prevent the
diffusion of FMD viruses from the wild reservoir host to the domestic cattle population. Furthermore,
antibodies were detected in areas where cattle had not been vaccinated, suggesting that the virus may have
spread without being detected in domestic populations.
Access to resources shared by buffalo and livestock, particularly water and grazing areas during the dry
season, could partly explain the observed patterns of FMD transmission. We discuss how insights on
ecological processes leading to wildlife-livestock contacts may provide some innovative solutions to
improve FMD management, including surveillance, prevention or control of buffalo-borne outbreaks, by
adopting strategies targeting risky areas and periods.
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INTRODUCTION
Although wildlife reservoirs have been identi-
fied for several significant livestock diseases
(Bengis et al. 2004) and emerging or re-emerging
infectious diseases with high pandemic potential
(Taylor et al. 2001, Patz et al. 2004, Lloyd-Smith et
al. 2009), the circumstances leading to pathogen
spillover between sympatric wild and domestic
hosts (and potentially humans) often remain
poorly documented. Because most wildlife spe-
cies have a secretive nature, direct or indirect
contacts at wildlife-domestic interfaces are rarely
quantified (Patz et al. 2004, Smieszek 2009).
Furthermore, contacts between wildlife and
livestock result from an intricate interplay be-
tween drivers of different natures, including
biophysical features (e.g., rainfall, soil type,
topography), ecological traits (e.g., foraging and
spatial behaviors) and human practices (e.g.,
livestock husbandry, wildlife management). Mul-
ti-host epidemiological systems at wild-domestic
interfaces are thus particularly complex.
Foot and mouth disease (FMD) provides an
appropriate model to study pathogen ecology at
wildlife-domestic interfaces (Brahmbhatt et al.
2012). This disease is due to an aphthovirus that
can infect ungulates and is highly contagious
with a basic reproductive number varying from 2
to 38 depending on climatic conditions (Haydon
et al. 1997). FMD has important economic
impacts and constrains beef exporting countries
to implement massive control programs (e.g.,
through culling, zoning and/or vaccination)
(Paton et al. 2009). Although FMD is widespread
worldwide, only 7 serotypes of the virus have
been identified. Following the successful eradi-
cation of rinderpest, the World Organization for
Animal Health (OIE) and the Food and Agricul-
ture Organization have focused their attention on
the control of FMD worldwide. Because of its
economic implications for animal production in
non-endemic areas, such as Europe, FMD epide-
miology has been well studied in high density
domestic populations (Cottam et al. 2008), and in
most parts of the world eradication is a reachable
objective (Melo et al. 2002). However, in Africa
the buffalo (Syncerus caffer) is the main wild local
reservoir of FMD (Thomson et al. 2003, Bengis et
al. 2004). The mechanisms of transmission
between sympatric buffalo and cattle in African
tropical areas are still poorly understood. How-
ever empirical information (Thomson et al.
2003),serological and genetic results (Vosloo et
al. 2002b, Ayebazibwe et al. 2010) and in natura
experimens (Dawe et al. 1994) all suggest that
foot and mouth virus regularly spills over of
from buffalo reservoir to cattle. As this emblem-
atic wild species is also a key species in savannah
ecosystems, eradication of FMD from endemic
areas is currently impossible, because culling or
vaccination of buffalo are not an option. Under-
standing FMD spillover at wildlife-domestic
interfaces in Africa is therefore crucial to control
this important disease and a prerequisite for
designing a FMD management strategy at the
continental scale.
In southern Africa, 3 main FMD virus sero-
types are frequently detected: SAT1, SAT2 and
SAT3 (Southern African Territories) (Rweyema-
mu et al. 2008, Paton et al. 2009), among which
no cross–immunity has been observed. The three
SATs circulate in domestic and wild populations.
The African buffalo has been shown to carry
asymptomatic infections and excrete viral parti-
cles, while cattle show symptoms (Vosloo et al.
2002a, Thomson et al. 2003, Grubman and Baxt
2004, Paton et al. 2009, Ayebazibwe et al. 2010).
Although the epidemiology of FMD viruses
circulation in the buffalo populations is still far
from being fully uncovered, there is evidence
that calves have a prominent role in the
maintenance and transmission of the virus
(Vosloo and Thomson 2004). In southern Africa,
buffalo are mostly seasonal breeders (Pienaar
1969), but calves may be born throughout the
year, providing a constant supply of susceptible
animals and allowing year-round virus circula-
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tion (Hedger 1972). Furthermore, African buffalo
have been reported to carry live virus for up to 5
years (Condy et al. 1985).
Cattle are also key hosts in the dynamics of
FMD in domestic ungulate populations. Viruses
can usually be isolated up to 28 days after
infection (Charleston 2011) and the carrier state
can last up to 3.5 years (Grubman and Baxt 2004).
The virus is highly contagious in cattle
populations and can be transmitted via direct
contact between individuals, but also via envi-
ronmental contamination, although climatic con-
ditions in Africa apparently limit this trans-
mission route (OIE 2009, Lefe`vre et al. 2010).
Vaccination programs are regularly imple-
mented in cattle close to FMD-infected buffalo
source populations, but unless serological tests
that allow differentiating between viral and
vaccinal antibodies are available, such programs
compromise the detection of viral circulation in
host populations.
FMD ecology at buffalo-cattle interfaces is thus
likely to depend on three important processes:
inter-species contacts, within-species viral circu-
lation and vaccination-induced immunity in
domestic populations. To our knowledge, empir-
ical investigation of the interplay of these
processes in situ is lacking, partly because of
the difficulty to assess the intensity and frequen-
cy of host contacts.
In this article, the transmission of FMD from
African buffalo to cattle (Bos taurus/Bos indicus) is
investigated at the edge of three protected areas
in Zimbabwe. The economic breakdown in
Zimbabwe between 2000 and 2008 and the
resulting decrease in the ability of governmental
veterinary services to operate efficiently have led
to a resurgence of FMD outbreaks at the country
level, with recurrent epidemic peaks during dry
seasons in districts close to national parks
(Governmental Veterinary Services, personal
communication). Outbreak descriptions report a
high proportion of mild and sub-clinical cases
(Kennedy et al. 1984), suggesting that the virus
can spread for relatively long periods of time
while remaining undetected (Jori et al. 2009).
These reports point at the buffalo-cattle interface
as the source of primary FMD outbreaks. Ring
FMD vaccination around outbreaks is the current
control option for the Government Veterinary
Services in Zimbabwe. However, the extent to
which spatial and seasonal variation in contact
rates between buffalo and cattle drive FMD
incidence patterns is still unknown, and so is
the impact of vaccination campaigns on the
circulation of the virus.
In order to address these questions, we
undertook simultaneously: (1) a telemetry-based
movement survey of sympatric buffalo and cattle
populations to describe patterns of inter-species
contacts; and (2) a longitudinal serological
survey at the individual level to describe the
dynamics of FMD infection and immunity
responses in cattle populations. In addition, we
considered the role of cattle vaccination on FMD
epidemiological dynamics in cattle populations.
We predicted that FMD prevalence and incidence
in cattle would increase with increasing levels of
interaction with buffalo. We also expected that
the vaccination should decrease the level of
natural incidence and increase the level of
immunity at the population level.
METHODS
Study sites
The study was carried out between April 2010
and September 2011, in three Zimbabwean sites
located in two TransFrontier Conservation Areas
(TFCAs) including interfaces between wildlife
and domestic animals: (1) Malipati Communal
Land (CL)/Gonarezhou National Park (NP), (2)
Pesvi CL/Kruger NP both within the Great
Limpopo (GL-TFCA), (3) Dete CL/Hwange NP
within the KAvango-ZAmbezi (KAZA-TFCA)
(Fig. 1). Telemetry and serological protocols were
conducted simultaneously in these three sites.
Unfenced or unmaintained fenced (and therefore
largely permeable) interfaces in the three sites
could in principle not prevent wild and domestic
ungulate movement across the land-use bound-
aries. In parallel, serological surveys in cattle
populations living far from wildlife interface
were implemented in two sites as ‘negative
controls’: Tinde (30 km from Hwange NP) and
Choumpani (20 km from Gonarezhou NP).
Seasonal climatic patterns are relatively similar
in the five sites with a rainy season from
December to March followed by a cold dry
season between April and July and a hot dry
season from August to November (according to
precipitation data available from world.climate.
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com). A detailed description of the characteristics
of these three interfaces is provided in Appendix
A and partially in Caron et al. (in press).
Human activities in the communal areas
outside national parks essentially consist of
subsistence farming with small-scale livestock
production. Small herds are bred extensively
with on average 12 heads of cattle and small
ruminants (goats and a few sheep) per herder,
according to the district veterinary services of
Chiredzi and Cross Dete.
Cattle vaccination strategies differed among
sites during the study period. There was no
vaccination in the KAZA-TFCA (Dete-Hwange
and Tinde), whereas three sessions took place in
the GL-TFCA (Pesvi-Kruger, Malipati-Gonarez-
hou and Choumpani). According to district
veterinary services, the proportion of cattle
vaccinated was lower in Pesvi-Kruger than in
Malipati-Gonarezhou and Choumpani (Appen-
dix B). The vaccine used is trivalent (Aflovax)
and contains all three SATs.
GPS tracking protocol
We used Global Positioning System (GPS)
collars to monitor the movements and contacts
between selected cattle and buffalo herds simul-
taneously in the three sites. A total of 36 GPS
Fig. 1. Study sites and experimental design at protected areas borders in Zimbabwe (southern Africa) ; with the
number of cattle sampled every 4 months (left column) and the number of GPS collars deployed on cattle and
buffalo on each side of the 3 interfaces studied (right column).
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UHF collars (manufactured by African Wildlife
Tracking) were fitted on adult female cattle and
buffalo (out of which three broke down) (Fig. 1).
The GPS were scheduled to acquire one location
per hour. The data acquisition periods extended
from April 2010 to August-September 2011 in
Dete-Hwange, from March 2010 to May 2011 in
Malipati-Gonarezhou and from June 2010 to July
2011 in Pesvi-Kruger. One collar was fitted per
herd for the cattle and 2 to 4 for the buffalo. In
order to track the movements of each cattle herd,
the dominant female, according to their owner’s
perception, was fitted with a collar. Cattle herds
were usually confined at night in ‘kraals’
(enclosures). During the day, herds were com-
monly oriented by a herder to grazing areas and
watering points where they were left free to
forage and drink. Wildlife census data (Park and
Wildlife Management Authority [PWMA], Cirad
and CNRS, unpublished data [Dunham 2012]),
field expertise from PWMA rangers and flyover
from SANParks (South Africa National Parks)
personnel for North Kruger during the capture,
allowed assessment of the number of buffalo
herds in areas and confirmed that most buffalo
herds potentially in contact with the GPS-
equipped cattle herds included individuals with
GPS collars (Appendix A). Buffalo were immo-
bilized using standard procedures by helicopter
(de Garine-Wichatitsky et al. 2010). After sample
collection, buffalo were woken-up using chemi-
cal antidote.
Potential infecting contacts between cattle and
buffalo.—The transmission of the virus is com-
plex. A direct pathway is well documented in the
literature with infection by oral inhalation of viral
particles following close contact (OIE 2009,
Charbonnier and Launois 2011). An indirect
pathway also seems to be possible but is less
documented in Africa. It is believed that wind
transmission played a role in the FMD epidemics
in non-endemic areas (Sorensen et al. 1992,
Mikkelsen et al. 2003). However, this type of
transmission would only be possible under wet
climatic conditions and would thus be unlikely
(or possible only during rare climatic events
during the cold dry season) for the southern
African strains found in regions where semi-arid
climatic conditions prevail. Indirect transmission
through the ground or water could nonetheless
be possible, even in semi-arid regions. This
possibility is not well established, but supported
by some experimental data. It has indeed been
shown that the virus can survive in the ground
from 10 days at 378C to 365 days at 48C (Lefe`vre
et al. 2010, Charbonnier and Launois 2011).
GPS locations of collared buffalo and cattle
were used to document potentially infective
contacts between the two species. We considered
that a potentially infective contact occurred
whenever a cattle location was recorded within
300 m of a buffalo location less than 15 days after
the buffalo location had been recorded. The
underlying assumption for the time window
was that the virus can survive in the environment
for 15 days (and we therefore adopted a
conservative approach given the semi-arid cli-
matic conditions of the study sites). For the
spatial window, we considered that (1) the
buffalo tracked is part of a herd, (2) the GPS
precision is imperfect (i.e., precision range of 15–
30 m from manufacturer data) and (3) tracked
individuals move during the one hour period
between two recorded locations. Moreover, for
the purpose of drawing unbiased contact rate
comparisons, we took into account the variation
among sites and seasons in GPS acquisition rates
and number of GPS collars deployed on buffalo.
We divided the number of contacts recorded for a
given cattle during a given season by the product
of the number of locations recorded for that cattle
by the number of buffalo locations recorded in
the same study site. We thus expressed contact
rates in terms of number of contacts relatively to
the number of cattle-buffalo location pairs.
Because this rate was extremely low and con-
trasted (from 1.1 3 104 to 6.6 3 108), these
contact rate estimations were multiplied by 108
and then log transformed. The resulting index is
hereafter referred to as ‘buffalo contact index’.
Home range (HR) calculation.—Annual home
ranges were computed (up to the 0.95 isopleth)
for each collared individual using the movement-
based kernel density estimation method and
volume overlap between wild and domestic
animals was calculated (Benhamou and Cornelis
2010). More detailed information is provided in
Appendix C.
Epidemiological survey
Longitudinal survey in livestock and snapshot
sampling in wildlife.—In each cattle herd tracked
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with GPS, a serological survey was conducted on
10 randomly chosen ear-tagged adults (males
and females) in the owner’s herd (Fig. 1). In
addition, 50 heads of cattle in each TransFrontier
Conservation Area (TFCA) were serologically
monitored as ‘control’ with no buffalo/cattle
contact in Tinde and Choumpani. 310 cattle were
blood sampled every 4 months, during a 16
months period from April 2010 to August 2011
(i.e., each cattle was sampled up to 5 times over
this period). Four seasons were covered: cold-dry
1 (April 2010 to July 2010), hot-dry (August 2010
to November 2010), rainy (December 2010 to
March 2011) and cold-dry2 (April 2011 to July
2011). Logistical constraints prevented the full
coverage of the planned sampling sessions.
Sessions are missing for 2 sites: Malipati-Gonar-
ezhou for the cold-dry 2 period and Pesvi-Kruger
for the rainy period. Furthermore, all cattle in
each herd could not be sampled at each sampling
occasions (some had died, had been sold or could
not be found).
The GPS-tracked buffalo were sampled for
serological analyses during the fitting and/or
removal of collars (i.e., 1 or 2 sampling). FMD
data obtained from samples collected during
other projects of the veterinary services were also
opportunistically used.
Serological diagnostic.—Serological testing was
conducted in the Governmental Veterinary Ser-
vices (GVS) of Zimbabwe. Two different ELISA
tests were applied on each sample to detect FMD
antibodies in livestock: an ELISA commercial test
(PrioCHECK FMDV NS) and a SATs liquid phase
blocking ELISA test.
The ELISA commercial test detects the anti-
bodies produced following natural viral replica-
tion, irrespective of the virus serotype, but not
vaccinal antibodies (Moonen et al. 2004). The
specificity and sensitivity of the test are estimated
at 98.1% and 97.2%, respectively (Brocchi et al.
2006).
The SATs blocking ELISA test can detect both
antibodies produced following natural infection
by the serotypes circulating in southern Africa
(SAT 1/2/3) and antibodies produced following
vaccination. The antigens used for the blocking
ELISA were SAT1 (Bot 1/68); SAT2 (Zim 5/81);
SAT3 (Zim 4/81). The sensitivity of the liquid
phase blocking ELISA for SATs tests are for
SAT1: 92.4%; SAT2: 83.4%; SAT3: 80.3%. The
specificities are 100%, 99.8% and 100%, for SAT1:
SAT2 and SAT3, respectively (Sorensen et al.
1992).
For buffalo, SATs serology was performed at
the ARC-OVI (Agricultural Research Council-
Onderstepoort Veterinary Institute) laboratory in
South Africa. Liquid phase blocking ELISA was
used to detect SAT1, SAT2 and SAT3 structural
proteins antibodies. GVS and ARC-OVI used the
SADC (Southern African Development Commu-
nity) harmonized Liquid Phase Blocking ELISA
serological tests (ISO 17025 accredited protocol).
Laboratory cross validation SATs test.—Fifty five
samples (30 positives and 25 negatives for NSP)
analyzed at GVS of Zimbabwe were also
analyzed for SAT1, SAT2 and SAT3 by the
regional OIE (world organization for animal
health) reference laboratory for FMD (i.e., ARC-
OVI, South Africa). The Cohen’s kappa statistic
(Dohoo et al. 2010) was used to evaluate the
agreement between the results of the tests
performed in the two laboratories. The results
of the NSP tests performed by GVS of Zimbabwe
were not cross validated because it was assumed
that their validity was guaranteed by the precise
protocol instructions provided by the manufac-
turer of this commercial kit.
Antibody dynamics and interpretation of serolog-
ical data.—Little is known about the production
and persistence of antibodies produced following
natural FMD infection or vaccination in wild and
domestic hosts in southern Africa. In the litera-
ture, the domestic host virus incubation period
varies between 2 and 14 days, the first clinical
signs could appear between 2 and 10 days and
the virus excretion could spread over from 2 to 28
days. The natural antibodies appear after 7 or 14
days and they could persist in the host for almost
3 years. As for the vaccinal antibodies, they may
persist on average for one year but re-booster
vaccination sessions every 6 months are recom-
mended in endemic areas to effectively protect
host individuals (Thomson et al. 2003, Grubman
and Baxt 2004, Cloete et al. 2008, Paton et al.
2009, Charleston 2011).
We assumed that: (1) a transition from the NSP
seronegative status to the NSP seropositive status
between two sampling sessions reflected the
occurrence of a natural infection event during
this period; (2) a transition from the SATs
seronegative status to the SATs seropositive
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status between two sampling sessions reflected
the occurrence of either natural infection or
vaccination during this period; (3) for SATs and
NSP a transition from the seropositive status to
the seronegative status between two sampling
sessions reflected a decrease of respectively
vaccinal or natural antibodies below a threshold
where immunity is inefficient at protecting
against an infection; and (4) an individual in
the SATs seropositive status at a given sampling
session should be better immunized against
infection until the next sampling session than a
SATs seronegative individual.
Statistical modeling
Frequencies of status transitions in the different
sites and seasons.—As a first descriptive step, we
assessed the frequency in the sampled cattle of
the different epidemiological transitions as a
function of season, site and test (SATs vs. NSP)
(Fig. 2). The different transitions are (1) no
antibody acquired (/): the individual was
recorded negative both at (t) and at (t þ 1); (2)
antibodies acquired (/þ): the individual was
recorded negative at (t) and positive at (tþ 1); (3)
antibodies persisted: (þ/þ) the individual was
recorded positive at both (t) and (t þ 1); and (4)
antibodies lost: (þ/) the individual was recorded
positive at (t) and negative at (tþ 1).
Models for depicting incidence and reversion of
serological antibody status.—As a second analytical
step, statistical models were used to depict
variations in NSP and SATs serological incidence
and reversion rates. In the statistical models, the
dependent variable was binary: the serological
status of an individual either changed or re-
mained unchanged during a time interval. The
statistical models used were thus generalized
Fig. 2. Epidemiological status and transitions histories for FMD in cattle. ELISA NSP detected natural
antibodies from infection and ELISA SATs detected natural and vaccine antibodies produced from infection and/
or vaccination.
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linear mixed models (GLMM) with binomial
error structures. Because the same individual
could produce more than one pair of successive
serological records and because individuals were
aggregated in herds, independence of statistical
units was questionable. Individual and/or herd
random effects were thus included in the models
whenever pseudo-replication at the individual
and/or herd levels was observed. Finally, because
not all cattle have been sampled at each of the 5
sampling sessions, the time between two sam-
pling sessions varied in our longitudinal surveys
from 4 to 8 months. It was necessary to account
in statistical models for this variation in the
length of the time interval over which serological
transitions were observed. To do so, a comple-
mentary log-log link function was used and the
log of the length of the time interval was
included as an offset in all the models presented
below (Fortin et al. 2008). Goodness of fit was
assessed through Pearson overdispersion test
(Bolker et al. 2009).
Models were first built to depict spatial and
temporal variations in serological transition
rates. In these models the fixed effects of season
and site were used. Alternative models were
built where the effect of site was substituted by
the effects of area (KAZA-TFCA vs GL-TFCA)
and distance to the national parks (close vs. far-
control). In addition, the fixed effects of age and
the random effects of individual and/or herd
were considered in these models. Selection
among models including different combinations
of these factors and interactions was performed
using Akaike Information Criterion (Burnham
and Anderson 2002, Bolker et al. 2009).
Finally, the effects of the factor that could
underlie the pattern of variation in serological
incidence and/or reversion rates were tested. We
focused particularly on the effects of vaccination,
of potential immunity and of the rate of contacts
with buffalo estimated with GPS telemetry data.
The effects of the contact rate with buffalo were
only assessed in sites close to national parks,
because no GPS collars have been fitted on cattle
far from national parks where contact rates with
buffalo were assumed to be null. The effects of
vaccination and potential immunity were as-
sessed only in the GL-TFCA where cattle have
been vaccinated during the study period. The
models used to assess the influence of these
factors also included the fixed effects of age and
the random effects of individual and/or herd.
Likelihood ratio tests were used to assess the
statistical significance of these effects (Bolker et
al. 2009).
All the statistical analyses were performed
using the R (R Development Core Team 2011)
and 2012 RStudio, Inc. free softwares.
RESULTS
Host contacts
Hosts spatial distribution and contacts.—Home
range estimations by the movement kernel
method showed that cattle and buffalo shared a
fraction of their habitat during the study period
(Figs. 3–5). The gradient of spatial overlap
ranged from 1.4% for Dete-Hwange to 2.8% for
Malipati-Gonarezhou and 16.9% for Pesvi-
Kruger. The locations of contacts between cattle
and buffalo are indicated on the map (Figs. 3–5).
More than 70% of contacts (on average for the 3
sites) occurred less than 500 m from water pans
or river beds while cattle spent on average 17% of
their time close to water.
Contact rates per site and season.—The contact
rate varied according to site and season and,
within a site and season, among individual cattle
(Fig. 6). For 39 out of 70 cattle/season combina-
tions, no contacts with buffalo were recorded.
Non null contact rates ranged from 6.24 3 108
(buffalo contact index: 1.83) to 28172 3 108
(buffalo contact index: 10.25) contacts per pair of
buffalo/cattle positions (Fig. 6). Irrespective of
the season, the average over cattle of the contact
index was highest in Pesvi-Kruger, slightly lower
in Malipati-Gonarezhou and much lower in
Dete-Hwange (Fig. 7). Seasonal variation was
relatively consistent across sites. In the three sites
the average contact index was relatively low
during the rainy season and relatively high
during the hot and dry season (Fig. 7).
Serological analysis and modeling
Laboratory cross validation.—With Kappa statis-
tics estimated at 0.6 and 0.61 for the blocking
ELISA tests for SAT1 and SAT3 respectively,
there was a substantial agreement between the
GVS and the OVI laboratories for these two tests
(n¼54/test, p-value , 0.001). We thus considered
the SAT1 and SAT3 test results reliable and
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appropriate for being used in our models.
However, the Kappa statistic for the SAT2
blocking ELISA tests was inferior to 0.2, reflect-
ing poor agreement between laboratories. SAT2
results were thus not used in subsequent
analyses. SAT1 and SAT3 results were combined
by considering that a positive sample for either
SAT1 or SAT3 could be considered as positive for
the SATs test.
FMD serology on buffalo.—The SATs serological
prevalence estimated from buffalo captured in
national parks by the OVI was 94.7% for
Gonarezhou (n ¼ 38, October 2008) (Caron et
al., in press); 95.7% (n¼ 47, June 2010) and 100 %
(n¼ 67, July 2011) for Kruger (unpublished data)
and 80% for Hwange (n ¼ 15, December 2009)
(Wildlife Unit records, Harare, Zimbabwe).
FMD serology on cattle: description of sample
prevalence.—NSP and SATs prevalence in samples
collected in the GL-TFCA (Malipati-Gonarezhou/
Pesvi-Kruger and Choumpani) and particularly
in sites close to the national parks (Malipati-
Gonarezhou and Pesvi-Kruger) was higher than
in samples obtained in the KAZA-TFCA (Dete-
Hwange and Tinde). In all the sites, SATs
prevalence was higher than NSP prevalence
(Table 1).
Frequencies of all possible status transitions in
different sites and seasons.—NSP serological status
showed a much higher stability in the KAZA-
TFCA (Dete-Hwange and Tinde), where the
seronegative status (/) was by far the most
Fig. 3. Cattle and buffalo home ranges (red- brown & red-yellow respectively) and contacts per sites at the
interface of Hwange-Dete national parks (NP) in southern Africa. The location of contacts events between cattle
and buffalo is represented by pink stars (i.e., a cattle position recorded within 300 m of a buffalo position less
than 15 days after the buffalo position had been recorded).
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frequently observed transition, than in the GL-
TFCA (Malipati-Gonarezhou, Pesvi-Kruger and
Choumpani) where antibody acquisition (/þ),
antibody persistence (þ/þ) and antibody loss (þ/
) was observed at substantial frequencies (Fig.
8). Most individuals in the KAZA-TFCA thus
remained in the NSP sero-negative status during
the study period while antibody acquisition (/þ)
was observed in a substantial fraction of the GL-
TFCA cattle population (Fig. 8). Antibody loss (þ/
) was relatively frequent in both areas, suggest-
ing that NSP antibodies were not very long
lasting. In both areas there was a clear seasonal
pattern in the relative frequency of the different
transitions. Antibody acquisition (/þ) and anti-
body persistence (þ/þ) occurred mainly during
the hot-dry and rainy seasons while the frequen-
cies of antibody loss (þ/) and stability of the
seronegative status (/) reached their maximum
during the cold-dry seasons (Fig. 8).
For SATs serological transitions (Fig. 9), the
contrast between the two areas was striking. In
the KAZA-TFCA, the most frequently observed
transition was stability of the seronegative status
(/) while in the GL-TFCA antibody persistence
(þ/þ) was clearly the dominant transition. More-
over, SATs serological status seemed more stable
in the GL-TFCA, with SATs antibody persisting
over the study period in most individuals, than
in the KAZA-TFCA where antibody acquisition
Fig. 4. Cattle and buffalo home ranges (red-brown and red-yellow, respectively) and contacts per sites at the
interface of Gonarezhou-Malipati national parks (NP) in southern Africa. The location of contacts events between
cattle and buffalo is represented by pink stars (i.e., a cattle position recorded within 300 m of a buffalo position
less than 15 days after the buffalo position had been recorded).
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(/þ) and loss (þ/) were frequently observed.
Unlike for NSP serological transitions, no clear
seasonal pattern was observed in the relative
frequency of the different SATs transitions.
Modeling variation in NSP serological incidence
and reversion according to sites and seasons.—
According to AIC selection, NSP spatial and
temporal incidence rate variation was best
described with a model including the random
effect of individual, the fixed effects of age, area,
season, distance to national parks and the
interaction between area and season (Fig. 10
and all statistical detailed are given in Appendix
D: Tables D1 and D2). According to this model,
incidence increased with age, was slightly higher
in sites close to national parks and was much
higher in the GL-TFCA, where it frequently
reached 0.2–0.3, than in the KAZA-TFCA where
it was most often ,0.15. The seasonal variation
pattern differed slightly between the two areas.
In the GL-TFCA, incidence was maximum,
around 0.2–0.3, during the hot-dry season,
slightly lower, around 0.15–0.20, during the rainy
season and much lower, around 0–0.5, during
the cold-dry seasons. In the KAZA-TFCA inci-
dence was also minimum, close to 0.0 during the
Fig. 5. Cattle and buffalo home ranges (red-brown and red-yellow, respectively) and contacts per sites at the
interface of Kruger-Pesvi national parks (NP) in southern Africa. The location of contacts events between cattle
and buffalo is represented by pink stars (i.e., a cattle position recorded within 300 m of a buffalo position less
than 15 days after the buffalo position had been recorded).
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cold-dry seasons but was higher, around 0.10,
during the rainy season than during the hot-dry
season (around 0.05).
The model selected to describe spatial and
temporal variation in NSP reversion rate includ-
ed the random effect of individual, the fixed
effects of area, season, distance to the national
park and the interaction between distance to
national parks and season (Fig. 10 and all
statistical detailed are given in Appendix D:
Tables D3 and D4). According to this model,
reversion was much lower in the GL-TFCA with
values often ,0.2 than in the KAZA-TFCA with
values always .0.6 and much lower in sites close
to national parks. The seasonal variation pattern
differed slightly between sites close to national
parks and sites far from national parks. In all
sites, reversion was highest during the cold-dry
seasons, particularly during the second year.
However, reversion was lowest during the rainy
season in sites far from national parks while it
was lowest during the hot-dry season in sites
close to national parks.
Variation in SATs serological incidence and rever-
sion according to sites and seasons.—The model
selected for depicting SATs spatial and temporal
incidence rate variation included the random
effect of herds and not of individuals because
most models including an individual random
effect failed to converge (Fig. 11 and all statistical
details are given in Appendix D: Tables D1 and
D2). The fixed effects included in the selected
model were age, area, season, distance to
national parks and the interaction between
season and distance to national parks. According
to this model, incidence rate increased with age
and was much higher in the GL-TFCAwith most
incidence rates close to 1 compared to the KAZA-
TFCA where incidence was most often ,0.2. In
sites close to national parks, incidence rates
Fig. 6. Contacts rate between cattle and buffalo: frequency of ‘‘buffalo contact index’’depending on individual
cattle.
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showed little seasonal variation while in sites far
from national parks incidence rates were lower
during the cold-dry seasons than during the
other seasons.
The model selected to describe spatial and
temporal variation in SATs reversion rate includ-
ed the random effect of herd rather and of
individual for the same reason as is noted above.
The fixed effects included in the selected models
were age, area, distance to national parks, season,
the interaction between distance to national
parks and season and the interaction between
area and distance to national parks (Fig. 11 and
all statistical details are given in Appendix D:
Tables D3 and D4). According to this model,
reversion rate decreased with age and was much
lower in the GL-TFCA where it never exceeded
0.2 compared to the KAZA-TFCA where it
ranged between 0.25 and 1.0. Reversion rate
was lower in sites close to national parks,
particularly in the KAZA-TFCA. Reversion
showed little seasonal variation, being slightly
higher during the first cold-dry season at the
beginning of the study period than during the
other seasons.
Effect of contacts with buffalo on serological
incidence and reversion in sites close to national
parks.—Models including the random effect of
individuals, the fixed effects of age and the effect
of the ‘buffalo contact index’, in sites close to
national parks were used to test the effect of
contacts with buffalo. NSP and SATs incidence
rate increased with increasing ‘buffalo contact
index’ (LRT p-values: 0.018 for NSP and ,0.0001
for SATs). Conversely, according to models with
the same structure, NSP and SATs reversion rates
decreased with increasing ‘buffalo contact index’
(LRT p-values: 0.006 for NSP and 0.0002 for
SATs) (Fig. 12 and Table 2). Changing the size of
the temporal or of the spatial dimension of the
Fig. 7. Contacts rate between cattle and buffalo: ‘‘buffalo contact index’’ average depending on sites and
seasons.
Table 1. NSP and SATs FMD serological prevalence estimations (with 95% confidence intervals) in the study cattle
populations.
Test used Malipati-Gonarezhou Pesvi-Kruger Choumpani Dete-Hwange Tinde
NSP 36.7 (28.7–44.7) 30.6 (22.6–38.6) 20.5 (14.9–26.1) 8.5 (5.8–11.2) 8.3 (4.2–12.4)
SATs 69.6 (63.8–75.4) 67.2 (59.1–75.3) 82.7 (78.2–87.2) 27.5 (23.5–31.5) 27.1 (21.2–33)
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window used to define contacts did not change
the outcome of the test of the effect of the contact
index on epidemiological transition rates. Indeed,
a sensitivity analysis presented in Appendix E,
shows that contact indices computed using two-,
three- or four-fold narrower temporal or spatial
windows influenced serological transition rates
significantly and with consistent signs.
Influence of vaccination sessions on NSP serolog-
ical incidence and reversion in the GL-TFCA.—
Models were built for NSP serological incidence
and reversion in vaccinated sites (GL-TFCA and
Choumpani) that included the random effect of
individuals, the fixed effects of age and the effect
of a variable ‘vaccination session’. This variable
distinguished site 3 period combinations when
and where a vaccination session was undertaken
from combinations when and where no vaccina-
tion session occurred. NSP incidence rate in the
GL-TFCA and Choumpani was higher when and
Fig. 8. Frequencies of all possible status transitions in different sites and seasons: (1) no antibody acquired: (/
) an individual was recorded negative both at (t) and at (tþ 1), (2) antibodies acquired: (/þ) an individual was
recorded negative at (t) and positive at (tþ 1), (3) antibodies persisted: (þ/þ) an individual was recorded positive
at both (t) and (tþ1) and (4) antibodies lost: (þ/) an individual was recorded positive at (t) and negative at (tþ1)
for NSP test.
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where vaccination took place (LRT p-value:
0.009). Conversely, NSP reversion rate in the
GL-TFCA and Choumpani was lower when and
where vaccination took place (LRT p-value: 0.01)
(Table 2).
Influence of SATs serological status on NSP
serological incidence and reversion in the GL-
TFCA.—Models were built for NSP serological
incidence and reversion in vaccinated sites (GL-
TFCA and Choumpani) that included the ran-
dom effect of individuals, the fixed effects of age
and the effect of a variable ‘presence of vaccinal
antibodies’ (SATs (þ) at t). This variable distin-
guished individuals where FMD antibodies had
been detected by the SATs test at the beginning of
a time period from individuals where such
Fig. 9. Frequencies of all possible status transitions in different sites and seasons: (1) no antibody acquired:
(/) an individual was recorded negative both at (t) and at (tþ 1), (2) antibodies acquired: (/þ) an individual
was recorded negative at (t) and positive at (t þ 1), (3) antibodies persisted: (þ/þ) an individual was recorded
positive at both (t) and (tþ1) and (4) antibodies lost: (þ/) an individual was recorded positive at (t) and negative
at (t þ 1) for SATs test.
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Fig. 10. FMD Serological incidence and reversion of natural and vaccinal antibodies depending on sites and
seasons effects for NSP test.
Fig. 11. FMD Serological incidence and reversion of natural and vaccinal antibodies depending on sites and
seasons effects for SATs test.
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antibodies had been detected. SATs seropositive
individuals showed lower NSP incidence (LRT p-
value: 0.01) than SATs seronegative individuals.
The SATs serological status had no influence on
NSP serological reversion (Table 2).
DISCUSSION
Diseases transmission at wild-domestic inter-
faces is an important epidemiological issue on
most continents. As identified in studies on
Fig. 12. FMD Serological incidence and reversion probabilities of foot and mouth antibodies in cattle
populations depending on the buffalo contact rate for the two models developed (NSP for ‘natural antibodies’
and SATs for ‘natural’ and ‘vaccinal’ antibodies).
Table 2. Likelihood ratio test (LRT) of the factors underlying variation in FMD serological incidence and
reversion.
Explanatory variable Test v2 df p-value Estimate (sdt)
Serological incidence
Contact NSP 5.62 1 ,0.018 þ0.32 (0.13)
(without Tinde, Choumpani) SATs 22.01 1 ,0.0001 þ1.29 (0.28)
Vaccination: Yes/No NSP 6.9 1 ,0.009 Yes þ1.63 (0.61)
(without Tinde, Dete)
Vaccinal immunity NSP t ! t þ 1 6.58 1 ,0.01 SATs (þ) 1.13 (0.43)
(without Tinde, Dete) SATs (þ) at t
Serological reversion
Contact NSP 7.7 1 ,0.006 0.52 (0.19)
(without Tinde, Choumpani) SATs 14.14 1 ,0.0002 0.80 (0.29)
Vaccination: Yes/No NSP 6.3 1 ,0.01 Yes 1.47 (0.56)
(without Tinde, Dete)
Vaccinal immunity NSP t ! t þ 1 0.02 1 0.89 SATs (þ) 0.12 (0.85)
(without Tinde, Dete) SATs (þ) at t
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brucellosis circulation between elk and cattle in
North America (Proffitt et al. 2011) and on
tuberculosis circulation between badger and
cattle in England (Donnelly et al. 2006, Wood-
roffe et al. 2009), characterizing and quantifying
the ‘infectious’ contacts between domestic and
wild hosts seem to be crucial to understand the
complex dynamics of multi-hosts systems. By
combining telemetric and epidemiological ap-
proaches on sympatric cattle and buffalo, our
study provides strong evidence that contact rate
with wild buffalo significantly influences FMD
dynamics in cattle populations living at the
periphery of conservation areas in Zimbabwe.
We demonstrated an association between the
probability of a cattle sero-converting or -
reverting over a 4 months period and the
frequency with which the herd to which that
cattle belong used space occupied by buffalo less
than two weeks before. As direct contacts were
almost never recorded, our results suggest that
the survival of FMD viruses in the environment
is high enough for delayed contacts to generate
virus spillover from buffalo to cattle. Further-
more, in spite of strong serological evidence for
infection events, no clinical signs for FMD were
detected in the some monitored cattle popula-
tions during the course of our study which tends
to support the idea of a silent virus circulation in
some areas of southern Africa. Finally vaccina-
tion campaigns, undertaken in cattle populations
living close to wildlife monitored in our study,
seemed not reach a large enough coverage to
prevent introduction of FMD viruses from
wildlife, and particularly buffalo, and subse-
quent viral circulation in cattle populations. The
main results of our study are synthesized in
(Table 3).
Buffalo-cattle contact patterns.—Simultaneous
radiotracking of sympatric cattle and buffalo
revealed significant differences in contacts pat-
terns between sites, occurring more frequently in
the GL-TFCA sites compared to the KAZA-TFCA
sites. Although the permeability of the boundar-
ies was similar in the 3 interface sites, very
different contact rates were observed. However,
the seasonal patterns of contacts were similar
among sub regions and sites: lowest contacts
during the rainy season, increasing during the
dry season, usually reaching a maximum during
the hot-dry season. This seasonal pattern sug-
gests that contacts between cattle and buffalo are
driven by resource availability, a limiting factor
during dry seasons. African wild ungulates such
as buffalo usually avoid cattle and humans (e.g.,
Kock 2003), but the scarcity of water and key
forage resources in our study sites during the dry
season may have reduced the possibilities to do
so. A major difference is observed in terms of
water distribution among study sites (Figs. 3–5),
with river systems for Pesvi-Kruger and Malipa-
ti-Gonarezhou (GL-TFCA), and scattered water
pans for Dete-Hwange (KAZA-TFCA). This
contrast in water distribution pattern could
explain the difference in contact rates between
our two study areas. Indeed, being restricted to
living close to rivers may lead to a strong
competition for water access, whereas scattered
water distribution may reduce the interaction
probability.
It should be noted that the intent of this study
was not to estimate the total number of contacts
between the selected cattle herds and all individ-
ual buffalo. This would have required enormous
resources to equip with GPS collars all individual
buffalo likely to come into contact with the cattle
herds monitored. Instead, we took advantage of
the gregarious habits of buffalo that move in
cohesive herds (Sinclair 1977). Fitting 2–3 GPS
collars on adult females belonging to known
buffalo herd in the study areas allowed us to
capture the movements of the herds likely to come
into contact with cattle herds. In addition, buffalo
annual home range overlaps between females
collared in the same herd ranged between 60 and
88%, indicating that individual females remained
associated with the same herd during the course
of our study, although occasional fusion-fission
events of groups of female buffalo have been
described in southern Africa (Cross et al. 2005).
We assumed that the herds containing adult
female individuals represented the largest demo-
graphic compartment in resident buffalo popula-
tions, although small bachelor herds (Estes 1993)
may have occasionally roamed in the area. The
total number of individual contacts recorded is
probably underestimated, as cattle may have
come into contact with several individuals from
the same herd or with bachelor herds, but the
biases are unlikely to have been heterogeneous
across sites and seasons, and the comparison of
the trends thus remains appropriate.
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Influence of buffalo-cattle contact rates on natural
dynamics of FMD in cattle.—The observed spatial
and temporal variation in buffalo-cattle contact
frequency coincided with differences in FMD
dynamics in cattle populations. This supports the
hypothesis that buffalo act as the main reservoir of
virus (Vosloo et al. 2002b, Thomson and Bastos
2004), which is likely to be responsible for primary
outbreaks in the cattle populations. Our results
show that the incidence of NSP antibodies in cattle
herds, which reveal the natural FMD infections,
was higher in the GL-TFCA sites compared to the
KAZA-TFCA sites. Within each study site, NSP
incidence was significantly higher at sites located
close to national parks, compared to others. Lower
incidence in sites far from national parks is not a
demonstration of a cause to effect relationship
between proximity to buffalo populations and
FMD incidence in cattle because none of the other
environmental variables potentially influencing
FMD epidemiology was under our control. How-
ever, it supports the hypothesis that national parks
harbor FMD wild host reservoir populations.
Finally in GL-TFCA, incidence peaked when
contact frequency was the highest, i.e., during the
hot-dry season. The NSP reversion pattern was
also compatible with the hypothesis that contacts
with buffalo trigger FMD infection in cattle. It
was higher, in the KAZA-TFCA, where contact
rates with buffalo were relatively lower than in
the GL-TFCA. In a given area, it was also higher
in site located far from national park.
Immunity induced by the production of antibodies
following infection.—NSP reversion rates were
quite high, especially in sites where FMD virus
circulation was less intense and where multiple
exposures to the virus were less likely to occur
during any given time interval. In comparison,
SAT reversion in sites without vaccination were
lower than for NSP; this may be due to
differential temporal persistence of antibodies
against an epitope or another. Furthermore, all
our models showed a positive age effect on the
probability of being seropositive for NSP that
would not be expected due to the high reversion
rate. One possible interpretation of this age effect
would be that individuals that have been
frequently infected by FMD viruses develop
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faster and stronger immune response after
multiple exposures (Anderson and May 1991).
Influence of vaccination on FMD dynamics in
cattle.—Vaccination against FMD, performed in
the GL-TFCA sites by the Government Veteri-
nary Services during the course of this study,
seemed to provide some protection against
infection at individual cattle level. Cattle, in
which SATs antibodies had been detected at the
beginning of a time interval, had a significantly
lower NSP serological incidence than SATs
negative cattle. However, we also found relative-
ly high NSP prevalence and incidence rates in the
vaccinated area (GL-TFCA), which suggest that
the protection induced by the vaccination strat-
egy was not completely efficient. This may be
explained by the fact that the vaccine used does
not fully protect against the strains currently
circulating in this endemic region. Cattle that
have recovered from infection with one FMD
virus type are susceptible to re-infection with any
of the other 6 virus types (Vosloo and Thomson
2004). Moreover, the percentage of vaccinated
hosts in the population might not be sufficient,
below the vaccination coverage of 50–90%
recommended by (Keeling et al. 2003), in order
to reduce the length of the outbreak by breaking
chains of transmission. This could be particularly
the case for the Pesvi site where, according to the
veterinary services, only 33% to 62% of the cattle
have been vaccinated during the three vaccina-
tion sessions organized in the course of our study
period (Appendix B). The frequency of vaccina-
tion campaigns (once a year) was also below
recommendations for prophylactic control of
FMD (Parida 2009), as vaccines offer only short-
lived protection in endemic regions (from 3 to 6
months). Finally, the positive significant relation-
ship between natural serological incidence (NSP)
and the vaccination campaigns implemented
(between two sampling sessions) indicates that
these campaigns were organized when the virus
was already circulating in the cattle populations.
The low reversion rates (mostly ,0.20) estimated
in the vaccinated area (GL-TFCA) does not fully
support the hypothesis of a short duration of
vaccinal immunity. However, SATs serological
results are difficult to interpret since the SATs test
detects both vaccinal and natural antibodies. The
relatively low reversion rates estimated in the
GL-TFCA could thus be the result of the
concomitant viral and vaccinal exposures creat-
ing a booster effect.
Uncertainty on serological states.—The FMD
serological diagnostic tests have to be used
carefully when trying to infer the history of
exposure of individuals. Indeed, in the sites of
the KAZA-TFCAwhere we would expect match-
ing NSP and SAT serological results because of
the absence of vaccination, NSP prevalence was
lower than SATs prevalence (Table 2). This
difference could result from a relative lack of
sensitivity of the NSP test and/or of specificity of
the SATs test, which could be due to differences
in the dynamics of the specific immune responses
involved in each test. The NSP test, commercial-
ized internationally, could indeed be less sensi-
tive than the SATs test developed for the purpose
of detecting the strains circulating in southern
Africa. Our prevalence, incidence and reversion
estimations are thus certainly biased to an
unknown extent. However, we assume that
although the bias may differ between the two
tests, it should be homogeneous for each test
across sites, seasons, age classes and contact rate
levels. Under such a homogeneity assumption,
comparisons among sites and seasons and across
ages and contact rate indices can be conducted.
One potential approach to unravel epidemiolog-
ical processes while taking account of various
sources of uncertainty (duration of immunity
following vaccination or natural infection, sensi-
tivity and specificity of the two serological tests)
would be to use state-space modeling. State-
space modeling would allow estimating proba-
bilities of transition between epidemiological
states (susceptible, infected and recovered) along
with parameters such as sensitivities and speci-
ficities that link observations to epidemiological
status. However, the state-space modeling ap-
proach would require statistical developments
that are well beyond the scope of the present
study (McClintock et al. 2010).
Implications for the management of FMD at the
wildlife-livestock interface.—Control of FMD could
arguably be considered as one of the major
constraints to the coexistence of livestock and
wildlife in southern Africa. Although strict land
policies, animal movement controls and fencing
can largely resolve the problem if strictly applied
(Thomson 1995), the un-sustainability of these
control options and the indirect costs induced
v www.esajournals.org 20 April 2013 v Volume 4(4) v Article 51
MIGUEL ET AL.
have raised concern for decades among conser-
vationists (e.g., Taylor and Martin 1987). Even
the best maintained fences cannot restrain the
movements of all wild animals (Sutmoller et al.
2000, Dion et al. 2011), and these events may
result in outbreaks of infectious diseases in
neighboring livestock, including FMD (Har-
greaves et al. 2004). In many areas in southern
Africa fences, separating livestock populations
from wild reservoirs of FMD, are absent or no
longer functional because they have not been
properly maintained and/or because they have
been destroyed by wildlife or people (e.g.,
Ferguson and Hanks 2010).
Current FMD control measures in southern
Africa also strongly rely on vaccination of
livestock populations at risk of spill-over infec-
tion from wildlife populations, especially from
buffalo. This prophylactic strategy at the wildlife-
livestock interface based on vaccination suffers
from several technical and practical limitations.
First, the current vaccine used in southern
African region where FMD is endemic may not
provide protection against strains that circulate
in the buffalo populations. This would require
frequent isolations of strains from wild and cattle
populations, to adapt local vaccines, a strategy
not currently implemented. Second, the immuni-
ty provided to vaccinated cattle only lasts for 3–6
months. The frequency of vaccination campaigns
could thus be increased. Developing countries
such as Zimbabwe, which also faced severe
economic difficulties during the past decade,
lack the appropriate financial resources to pur-
chase a sufficient number of vaccine doses to
immunize a sufficient proportion of the cattle
population at risk of infection from buffalo
reservoirs to prevent outbreaks (Keeling et al.
2003). Instead, the strategy of ‘‘ring vaccination’’
adopted by default aims at containing outbreaks
so that they do not spread to other areas of the
country. However, our results suggest that in
some areas the virus circulates in cattle without
provoking detectable symptoms and therefore
without triggering vaccination campaigns. Im-
proving surveillance strategies, for instance
through the use of NSP serological diagnostic
on randomly selected animals, in all risky areas
(i.e., close to reservoir population) and during
risky periods (i.e., dry season) could be an
important step towards FMD control.
In this paper, we investigated wildlife-live-
stock contacts and FMD circulation at unfenced
interfaces in Zimbabwe, included in Transfront-
ier Conservation Areas. We focused on the
potential role of the buffalo reservoir population
in the introduction of the virus in cattle. Using
repeated serology at the individual level and
generalized linear modeling of serological status
transitions, we found that the dynamics of the
FMD infections in cattle was strongly related to
spatio-temporal variations of contact rates with
buffalo. Identifying the determinants and inten-
sity of the contact rates is essential to understand,
and possibly control, the natural dynamic of the
disease. Our results indicate that interspecific
contacts, possibly leading to disease transmis-
sion, are relatively rare and localized events. We
argue that this provides opportunities to improve
FMD management, by manipulating access to
key resources (forage or water) or adapting
livestock and/or wildlife management practices
in order to reduce the frequency of buffalo-cattle
contacts. Variation in resource distribution (be-
tween seasons, interannual), livestock and wild-
life management strategies and predation risks
are likely to be important drivers of cattle-buffalo
interactions. Further investigation is required to
adequately test their relative contribution to
disease transmission at the wildlife-livestock
interface (Caron et al. in press). Furthermore,
transboundary animal diseases involving wild
species threaten the success of Transfrontier
Conservation Areas by triggering competing
claims over the management of human/wildlife
interfaces between the veterinary and conserva-
tion sectors, as well as the often neglected but
crucial local community component (de Garine-
Wichatitksy et al. 2012). FMD management and
control in these areas should be negotiated and
accepted by all stakeholders, instead of being
regarded as an exclusive veterinary issue, impos-
ing international and governmental priorities
without considering local dynamics and context
(Osofsky et al. 2005, Michel et al. 2006). Finding
novel solutions and interventions to control
disease transmission at the wildlife-livestock
interface is the contemporary challenge to the
veterinary community, disease biologists, com-
munity representative and wildlife managers
alike (Kock 2003).
v www.esajournals.org 21 April 2013 v Volume 4(4) v Article 51
MIGUEL ET AL.
ACKNOWLEDGMENTS
The authors thank Roger F, Monicat F, Jori F,
Zisadza P, Hofmeyr M, Lebel S, Leger L, Tran A, Gely
M, Butete B, Mandina C, Kameva L, SANParks,
Governmental Veterinary Services of Zimbabwe, the
Park and Wildlife Management Authority of Zim-
babwe. We thank all the cattle owners involved in the
project for their great collaboration. The project was
conducted within the framework of the Research
Platform ‘‘Production and Conservation in Partner-
ship’’ (RP-PCP) and as part of the AHEAD initiative. It
was funded by Cirad, the French Ministry of Foreign
Affairs (Harare, SCAC funds 2009-2012), the EU
(PARSEL project), the Zimbabwean office of the Food
and Agriculture Organisation (FAO) and the French
ANR (FEAR project ANR-08-BLAN-0022).
LITERATURE CITED
Anderson, R. M. and R. M. May. 1991. Infectious
diseases of humans: Dynamics and control. Oxford
University Press, Oxford, UK.
Ayebazibwe,C., F.N.Mwiine,K.Tjornehoj, S.N. Balinda,
V. B. Muwanika, A. R. A. Okurut, G. J. Belsham, P.
Normann, H. R. Siegismund, and S. Alexandersen.
2010. The role of African buffalos (Syncerus caffer) in
the maintenance of foot-and-mouth disease in Ugan-
da. BMC Veterinary Research 6:54.
Bengis, R. G., F. A. Leighton, J. R. Fischer, M. Artois, T.
Mo¨rner, and C. M. Tate. 2004. The role of wildlife in
emerging and re-emerging zoonoses. Revue Scien-
tifique et Technique de l’OIE 23:497–511.
Benhamou, S. and D. Cornelis. 2010. Incorporating
movements behaviors and barriers to improve
Kernel home range space use estimates. Journal of
Wildlife Management 74:1353–1360.
Bolker, B. M., M. E. Brooks, C. J. Clark, S. W. Geange,
J. R. Poulsen, M. H. H. Stevens, and J. S. S. White.
2009. Generalized linear mixed models: a practical
guide for ecology and evolution. Trends in Ecology
& Evolution 24:127–135.
Brahmbhatt, D. P., G. T. Fosgate, E. Dyason, C. M.
Budke, B. Gummow, F. Jori, M. P. Ward, and R.
Srinivasan. 2012. Contacts between domestic live-
stock and wildlife at the Kruger National Park
Interface of the Republic of South Africa. Preven-
tive Veterinary Medicine 103:16–21.
Brocchi, E., I. E. Bergmann, A. Dekker, D. J. Paton, D. J.
Sammin, M. Greiner, S. Grazioli, F. De Simone, H.
Yadin, B. Haas, N. Bulut, V. Malirat, E. Neitzert, N.
Goris, S. Parida, K. Sorensen, and K. De Clercq.
2006. Comparative evaluation of six ELISAs for the
detection of antibodies to the non-structural pro-
teins of foot-and-mouth disease virus. Vaccine
24:6966–6979.
Burnham, K. P. and D. R. Anderson. 2002. Model
selection and multimodel inference: a practical
information-theoretic approach. Springer Verlag,
New York, New York, USA.
Caron, A., E. Miguel, C. Gomo, P. Makaya, D.
Pfukenyi, T. Hove, C. Foggin, and M. de Garine-
Wichatitksy. In press. Relationship between burden
of infection in ungulate populations and wildlife/
livestock interfaces. Epidemiology and Infections.
Chamaille-Jammes, S., M. Valeix, M. Bourgarel, F.
Murindagomo, and H. Fritz. 2009. Seasonal density
estimates of common large herbivores in Hwange
National Park, Zimbabwe. African Journal of
Ecology 47:804–808.
Charbonnier, G. and M. Launois. 2011. Foot-and
mouth disease. Service d’Appui a` la Valorisation
Ope´rationelle de l’Information sur la Recherche
Scientifique Collection ‘‘les savoirs partage´s’’.
CIRAD, Montpellier, France.
Charleston, B. 2011. Relationship between clinical
signs and transmission of an infectious disease
and the implications for control (vol 332, pg 726,
2011). Science 332:1263–1263.
Cloete, M., B. Dungu, L. I. Van Staden, N. Ismail-
Cassim, and W. Vosloo. 2008. Evaluation of
different adjuvants for foot-and-mouth disease
vaccine containing all the SAT serotypes. Onder-
stepoort Journal of Veterinary Research 75:17–31.
Condy, J. B., R. S. Hedger, C. Hamblin, and I. T.
Barnett. 1985. The duration of the foot-and-mouth
disease virus carrier state in African buffalo (i ) in
the individual animal and (ii ) in a free-living herd.
Comparative Immunology, Microbiology and In-
fectious Diseases 8:259–265.
Cottam, E. M., J. Wadsworth, A. E. Shaw, R. J.
Rowlands, L. Goatley, S. Maan, N. S. Maan, P. P.
Mertens, K. Ebert, Y. Li, E. D. Ryan, N. Juleff, N. P.
Ferris, J. W. Wilesmith, D. T. Haydon, D. P. King,
D. J. Paton, and N. J. Knowles. 2008. Transmission
pathways of foot-and-mouth disease virus in the
United Kingdom in 2007. PLoS Pathogens
4:e1000050.
Cross, P. C., J. O. Lloyd-Smith, and W. M. Getz. 2005.
Disentangling association patterns in fission–fusion
societies using African buffalo as an example.
Animal Behaviour 69:499–506.
Cumming, G. S. and D. Cornelis. 2012. Quantitative
comparison and selection of home range metrics
for telemetry data. Diversity and Distributions
18:1057–1065.
Dawe, P. S., K. Sorensen, N. P. Ferris, I. T. Barnett, R. M.
Armstrong, and N. J. Knowles. 1994. Experimental
transmission of foot-and-mouth disease virus from
carrier African buffalo (Syncerus caffer) to cattle in
Zimbabwe. Veterinary Record 134:211–215.
de Garine-Wichatitksy, M., E. Miguel, B. Mukamuri, I.
de Garine, J. Wencelius, D. Pfukenyi, and A. Caron.
v www.esajournals.org 22 April 2013 v Volume 4(4) v Article 51
MIGUEL ET AL.
2012. Coexisting with wildlife in Transfrontier
Conservation Areas in Zimbabwe: cattle owners’
awareness of disease risks and perception of the
role played by wildlife. Comparative Immunology,
Microbiology and Infectious Diseases. http://dx.
doi.org/10.1016/j.cimid.2012.10.007
de Garine-Wichatitsky, M., A. Caron, A. Gomo, C.
Foggin, K. Dutlow, D. Pfukenyi, E. Lane, S. Le Bel,
M. Hofmeyr, T. Hlokwe, and A. Michel. 2010.
Bovine tuberculosis in Buffaloes, Southern Africa.
Emerging Infectious Diseases 16:884–885.
Dion, E., L. VanSchalkwyk, and E. F. Lambin. 2011. The
landscape epidemiology of foot-and-mouth disease
in South Africa: A spatially explicit multi-agent
simulation. Ecological Modelling 222:2059–2072.
Dohoo, I., W. Martin, and H. Stryhn, editors. 2010.
Veterinary epidemiologic research. Second edition.
Ver, Charlottetown, Prince Edwards Island, Canada.
Donnelly, C. A., R. Woodroffe, D. R. Cox, F. J. Bourne,
C. L. Cheeseman, R. S. Clifton-Hadley, G. Wei, G.
Gettinby, P. Gilks, H. Jenkins, W. T. Johnston, A. M.
Le Fevre, J. P. McInerney, and W. I. Morrison. 2006.
Positive and negative effects of widespread badger
culling on tuberculosis in cattle. Nature 439:843–846.
Dunham, K. M. 2002. Aerial census of elephants and
other large herbivores in north-west Matabeleland,
Zimbabwe: 2001. WWF–SARPO occasional paper
series. WWF–SARPO, Harare, Zimbabwe.
Dunham, K. M. 2012. Trends in populations of elephant
and other large herbivores in Gonarezhou National
Park, Zimbabwe, as revealed by sample aerial
surveys. African Journal of Ecology 50:476–488.
Estes, R. D. 1993. The safari companion: a guide to
watching African mammals. Tutorial Press, Harare,
Zimbabwe.
Ferguson, K. and J. Hanks. 2010. A review of the
environmental, social and economic impacts of
game an veterinary fencing in Africa with partic-
ular reference to the Great Limpopo and Kavango-
Zambezi Transfrontier Conservation Areas. Mam-
mal Research Institute, Pretoria, South Africa.
Ferreira, S. M. and P. J. Funston. 2010. Estimating lion
population variables: prey and disease effects in
Kruger National Park, South Africa. Wildlife
Research 37:194–206.
Fieberg, J. and C. O. Kochanny. 2005. Quantifying
home-range overlap: The importance of the utili-
zation distribution. Journal of Wildlife Manage-
ment 69:1346–1359.
Fortin, M., S. Bedard, J. DeBlois, and S. Meunier. 2008.
Predicting individual tree mortality in northern
hardwood stands under uneven-aged management
in southern Quebec, Canada. Annals of Forest
Science 65:205.
Gandiwa, E. and Z. Patience. 2010. Wildlife manage-
ment in Gonarezhou National Park, Southeast
Zimbabwe: Climate change and implication for
management. Nature & Faune 25:95–104.
Grubman, M. J. and B. Baxt. 2004. Foot-and-mouth
disease. Clinical Microbiology Reviews 17:465.
Hargreaves, S. K., C. M. Foggin, E. C. Anderson,
A. D. S. Bastos, G. R. Thomson, N. P. Ferris, and
N. J. Knowles. 2004. An investigation into the
source and spread of foot and mouth disease virus
from a wildlife conservancy in Zimbabwe. Revue
Scientifique et Technique de l’Office International
des Epizooties 23:783–790.
Haydon, D. T., M. E. J. Woolhouse, and R. P. Kitching.
1997. An analysis of foot-and-mouth-disease epi-
demics in the UK. Ima Journal of Mathematics
Applied in Medicine and Biology 14:1–9.
Hedger, R. S. 1972. Foot-and-mouth disease and the
African buffalo (Syncerus caffer). Journal of Com-
parative Pathology 82:19–28.
Jori, F., W. Vosloo, B. du Plessis, R. Bengis, D.
Brahmbhatt, B. Gummow, and G. R. Thomson.
2009. A qualitative risk assessment of factors
contributing to foot and mouth disease outbreaks
in cattle along the western boundary of the Kruger
National Park. Revue Scientifique et Technique de
l’OIE 28:917–931.
Keeling, M. J., M. E. J. Woolhouse, R. M. May, G.
Davies, and B. T. Grenfell. 2003. Modelling
vaccination strategies against foot-and-mouth dis-
ease. Nature 421:136–142.
Kennedy, D. J., R. B. Jackson, and G. C. Ramsay. 1984.
Difficulties experienced in recognising foot-and
mouth disease in an outbreak in Zimbabwe.
Australian Veterinary Journal 61:163–164.
Kock, R. A. 2003. What is the infamous ‘wildlife/
disease interface?’ A review of current knowledge
for the African continent. In South and east African
experts panel on designing successful conservation
and development interventions at the Wildlife/
Livestock Interface: Implications for Wildlife, Live-
stock and Human Health AHEAD Forum. IUCN
5th World Parks Conference. IUCN, Durban, South
Africa.
Lefe`vre, P. C., J. Blancou, R. Chermette, and G.
Uilenberg. 2010. General considerations viral dis-
eases: Infectious and parasitic diseases of livestock.
Edition TEC & DOC, Lavoisier, Paris.
Lloyd-Smith, J. O., D. George, K. M. Pepin, V. E. Pitzer,
J. R. C. Pulliam, A. P. Dobson, P. J. Hudson, and
B. T. Grenfell. 2009. Epidemic dynamic at the
human-animal interface. Science 326:1362–1367.
McClintock, B. T., J. D. Nichols, L. L. Bailey, D. J.
MacKenzie, W. L. Kendall, and A. B. Franklin.
2010. Seeking a second opinion: uncertainty in
disease ecology. Ecology Letters 13:659–674.
Melo, E. C., V. Saraiva, and V. Astudillo. 2002. Review
of the status of foot and mouth disease in countries
of South America and approaches to control and
eradication. Revue Scientifique et Technique de
v www.esajournals.org 23 April 2013 v Volume 4(4) v Article 51
MIGUEL ET AL.
l’Office International des Epizooties 21:429–436.
Michel, A. L., R. G. Bengis, D. F. Keet, M. Hofmeyr,
L. M. de Klerk, P. C. Cross, A. E. Jolles, D. Cooper,
I. J. Whyte, P. Buss, and J. Godfroid. 2006. Wildlife
tuberculosis in South African conservation areas:
Implications and challenges. Veterinary Microbiol-
ogy 112:91–100.
Mikkelsen, T., S. Alexandersen, P. Astrup, H. J.
Champion, A. I. Donaldson, F. N. Dunkerley, J.
Gloster, J. H. Sorensen, and S. Thykier-Nielsen.
2003. Investigation of airborne foot-and-mouth
disease virus transmission during low-wind con-
ditions in the early phase of the UK 2001 epidemic.
Atmospheric Chemistry and Physics 3:2101–2110.
Moonen, P., E. van der Linde, G. Chenard, and A.
Dekker. 2004. Comparable sensitivity and specific-
ity in three commercially available ELISAs to
differentiate between cattle infected with or vacci-
nated against foot-and-mouth disease virus. Veter-
inary Microbiology 99:93–101.
OIE. 2009. Foot-and-mouth disease. Technical disease
cards October.
Osofsky, S. A., S. Cleaveland, W. B. Karesh, M. D.
Kock, P. J. Nyhus, L. Starr, and A. Yang, editors.
2005. Conservation and development interventions
at the wildlife/livestock interface: implications for
wildlife, livestock and human health. IUCN,
Gland, Switzerland.
Parida, S. 2009. Vaccination against foot-and-mouth
disease virus: strategies and effectiveness. Expert
Rev Vaccines 8:347–365.
Paton, D. J., K. J. Sumption, and B. Charleston. 2009.
Options for control of foot-and-mouth disease:
knowledge, capability and policy. Philosophical
Transactions of the Royal Society B 364:2657–2667.
Patz, J. A., P. Daszak, J. Epstein, A. M. Kilpatrick, G. M.
Tabor, A. A. Aguirre, M. Pearl, N. D. Wolfe, J.
Foufopoulos, D. Molyneux, D. J. Bradley, F. P. Amer-
asinghe, R. W. Ashford, D. Barthelemy, R. Bos, D. J.
Bradley, A. Buck, C. Butler, E. S. Chivian, K. B. Chua,
G. Clark, R. Colwell, U. E. Confalonieri, C. Corvalan,
A. A. Cunningham, J. Dein, A. P. Dobson, J. G. Else, J.
Epstein, H. Field, P. Furu, C. Gascon, D. Graham, A.
Haines, A. D. Hyatt, A. Jamaluddin, E. F. Kleinau, F.
Koontz, H. S. Koren, S. LeBlancq, S. Lele, S. Lindsay,
N. Maynard, R. G. McLean, T. McMichael, D.
Molyneux, S. S. Morse, D. E. Norris, R. S. Ostfeld,
M. C. Pearl, D. Pimentel, L. Rakototiana, O.
Randriamanajara, J. Riach, J. P. Rosenthal, E. Sala-
zar-Sanchez, E. Silbergeld, M. Thomson, A. Y. Vittor,
L. Yameogo, and V. Zakarov. 2004. Unhealthy
landscapes: Policy recommendations on land use
change and infectious disease emergence. Environ-
mental Health Perspectives 112:1092.
Pienaar, U. V. 1969. Observations on developmental
biology, growth and some aspects of the popula-
tion ecology of African buffalo (Syncerus caffer caffer
Sparrman) in the Kruger National Park. Koedoe
12:29–52.
Proffitt, K. M., J. A. Gude, K. L. Hamlin, R. A. Garrott,
J. A. Cunningham, and J. L. Grigg. 2011. Elk
distribution and spatial overlap with livestock
during the brucellosis transmission risk period.
Journal of Applied Ecology 48:471–478.
Rweyemamu, M., P. Roeder, D. Mackay, K. Sumption,
J. Brownlie, Y. Leforban, J. F. Valarcher, N. J.
Knowles, and V. Saraiva. 2008. Epidemiological
patterns of foot-and-mouth disease worldwide.
Transboundary and Emerging Diseases 55:57–72.
Sinclair, A. R. E. 1977. The African buffalo. The
University of Chicago, Chicago, Illinois, USA.
Smieszek, Y. 2009. A mechanistic model of infection:
why duration and intensity of contacts should be
included in models of disease spread. Theoretical
Biology and Medical Modelling 6:25.
Sorensen, K. J., R. L. Madekurozwa, and P. Dawe. 1992.
Foot and mouth disease: detection of antibodies in
cattle sera by blocking ELISA. Veterinary Microbi-
ology 32:253–265.
Sutmoller, P., G. R. Thomson, S. K. Hargreaves, C.
Foggin, and E. Anderson. 2000. The foot-and-
mouth disease posed by African buffalo within
wildlife conservancies to cattle industry of Zim-
babwe. Preventive Veterinary Medicine 44:43–60.
Taylor, L. H., S. M. Latham, and M. E. J. Woolhouse.
2001. Risk Factors for human disease emergence.
Proceedings of the Royal Society B 356:983–989.
Taylor, R. D. and R. B. Martin. 1987. Effects of veterinary
fences on wildlife conservation in Zimbabwe.
Environmental Management 11:327–334.
Thomson, G. R. 1995. Overview of foot and mouth
disease in southern Africa. OIE Revue Scientifique
et Technique de l’Office International des Epizoo-
ties 14:503–520.
Thomson, G. R. and A. D. R. Bastos. 2004. Foot-and-
mouth disease. Pages 1324–1365 in J. A. W. Coetzer
and R. C. Tustin, editors. Infectious diseases of
livestock. Oxford University Press Southern Africa,
Oxford.
Thomson, G. R., W. Vosloo, and A. D. Bastos. 2003.
Foot and mouth disease in wildlife. Virus Research
91:145–161.
Valeix, M., A. J. Loveridge, S. Chamaille-Jammes, Z.
Davidson, F. Murindagomo, H. Fritz, and D. W.
Macdonald. 2009. Behavioral adjustments of African
herbivores to predation risk by lions: Spatiotemporal
variations influence habitat use. Ecology 90:23–30.
Vosloo, W., A. D. Bastos, O. Sangare, S. K. Hargreaves,
and G. R. Thomson. 2002a. Review of the status
and control of foot and mouth disease in sub-
Saharan Africa. Revue Scientifique et Technique de
l’OIE 21:437–449.
Vosloo, W., K. Boshoff, R. Dwarka, and A. Bastos.
2002b. The possible role that buffalo played in the
v www.esajournals.org 24 April 2013 v Volume 4(4) v Article 51
MIGUEL ET AL.
recent outbreaks of foot-and-mouth disease in
South Africa. Annals of the New York Academy
of Sciences 969:187–190.
Vosloo, W. and G. R. Thomson. 2004. Natural habitats
in which Foot-and-Mouth disease virus are main-
tained. Foot-and-Mouth Disease. Current Perspec-
tives 385-412.
Woodroffe, R., C. A. Donnelly, G. Wei, D. R. Cox, F. J.
Bourne, T. Burke, R. K. Butlin, C. L. Cheeseman, G.
Gettinby, P. Gilks, S. Hedges, H. E. Jenkins, W. T.
Johnston, J. P. McInerney, W. I. Morrison, and L. C.
Pope. 2009. Social group size affects Mycobacteri-
um bovis infection in European badgers (Meles
meles). Journal of Animal Ecology 78:818–827.
SUPPLEMENTAL MATERIAL
APPENDIX A





(Mabalauta) Kruger NP (North) References
Village name Dete Malipati Pesvi





35 K 484826 m E 36 K 336783 m E 36 K 314914 m E Google Earth
794130 m S 7558824 m S 7529513 m S
Altitude 1106 m 247 m 235 m Google Earth
Pluviometry 606 mm 466 mm 450 mm Google Earth


















Type of water available
Water pans þþþ þ  Google Earth and
fields records




and density inside NP
þþþ þ þ Dunham 2002, Valeix
et al. 2009, Ferreira and
Funston 2010
Buffalo density (area of
interest)
þ þ þ Dunham 2002,
Chamaille-Jammes et
al. 2009, Sanparks data
Size of buffalo herds
equipped with GPS
collars




No. buffalo collars 3 5 7 Fields records






Malipati ¼ 1506 Pesvi ¼ 1634 Veterinary services
Zimbabwe, Cross Dete
No. cattle collars 11 5 5 Veterinary services
Zimbabwe, Cross Dete
No. cattle not in contact as
negative control
Tinde ¼ 3540 Choumpani ¼ 2536 Choumpani ¼ 2536 Veterinary services
Zimbabwe, Cross Dete




HOME RANGE COMPUTATION AND VOLUME
OVERLAP CALCULATION
Movement-based methods have been shown to
estimate more reliable space use than classical
location-based approaches (Cumming and Cor-
nelis 2012). The extent to which the collared
individuals shared space was quantified using
the volume of intersection statistics (Fieberg and
Kochanny 2005). Analyses were performed using
R software (R Development Core Team 2011) and
RStudio 2012 free software. Geographic coordi-
nates were projected using a rgdal package.
Home ranges and home range overlaps were
computed using adehabitat HR and raster
packages. Maps were designed using ArcGis
(version 9.3.1; ESRI, Redlands, California).
APPENDIX D
Table B1. Vaccination sessions and percentage of cattle vaccinated per site. Data recorded by the veterinary
services in Chiredzi. The FMD vaccines used were sourced from the Botswana Vaccine Institute (BVI).
Cattle vaccinated to FMD (%) Session 1: 03/09 Session 2: 08/10 Session 2 booster: 10/10 Session3: 04/11
Malipati 95.6 94.7 100 unknown
Pesvi 33.5 51.5 61.5 unknown
Choumpani 100 83.3 66.4 unknown
Dete . . . . . . . . . . . .
Tinde . . . . . . . . . . . .
Table D1. Variance components for serological incidence.
Variable
NSP SAT
Random effect (SD) Fixed effect Random effect (SD) Fixed effect
Intercept X 2.71 (0.38) X 1.06 (0.63)
Individual 0.50 0.84
Herd 0 0.38
Site 3 season 1.81 2.21
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Table D2. Selection among alternative GLMM to describe serological incidence. Abbreviations are: site ¼ Dete,
Tinde, Malipati, Pesvi, Choumpani; season ¼ cold-dry1, hot-dry, rainy, cold-dry2; area ¼ KAZA-TFCA, GL-
TFCA; control ¼ Tinde, Choumpani. Random effects: individuals for NSP and herds for SAT.
Variable tested
NSP SAT
Npar AIC npar AIC
age þ site þ season þ site 3 season 17 389.2 17 318.72
age þ site þ season 9 NC 9 333.48
site þ season þ site 3 season 16 391.86 16 336.91
age þ site 6 430.95 6 339.73
age þ season 5 398.65 5 374.34
site 5 453.33 5 358.82
season 4 408.24 4 398.59
age þ season þ area þ control þ season 3 area þ season 3 control þ area 3 control 14 NC 14 315.10
age þ season þ area þ control þ season 3 area þ season 3 control 13 NC 13 316.65
season þ area þ control þ season 3 area þ season 3 control 12 387.51 12 334.10
age þ season þ area þ control þ season 3 area þ area 3 control 11 384.69 11 331.26
age þ season þ area þ control þ season 3 control þ area 3 control 11 NC 11 317.35
season þ area þ control þ season 3 area þ season 3 control þ area 3 control 13 NC 13 333.19
age þ season þ area þ control þ season 3 control 10 NC 10 316.87
age þ season þ area þ control þ area 3 control 8 NC 8 331.66
age þ season þ area þ control þ season 3 area 10 382.98 10 329.28
age þ season þ area 6 NC 6 328.15
age þ season þ area þ control 7 NC 7 329.79
age þ season þ control 6 399.34 6 375.54
age þ season þ area þ season 3 area 9 327.29
age þ cont þ area 4 427.21 4 336.08
age þ season 5 5 374.34
age þ control 3 3 378.73
age þ area 3 3 334.31
area 2 2 377.66
age 2 2 377.66
Table D3. Model selection serological reversions.
Variable
NSP SAT
Random effect (SD) Fixed effect Random effect (SD) Fixed effect
Intercept X þ0.42 (0.60) X 2.31 (0.87)
Individual 0 0.33
Herd 0 0.45
Site 3 season 4.57 3.29
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Table D4. Model selection serological reversion: GLMM. Random effect: individuals for NSP and herds for SATs.
Variable tested
NSP SAT
npar AIC npar AIC
age þ site þ season þ site 3 season 17 128.10 17 219.39
age þ site þ season 9 123.68 9 217.96
site þ season þ site 3 season 16 127.62 16 224.57
site þ season 6 6
age þ site 6 140.27 6 228.63
age þ season 5 147.88 5 262.18
age þ season þ area þ control þ season 3 area þ season 3 control þ area 3 control 14 123 14 214.70
season þ area þ control þ season 3 area þ season 3 control þ area 3 control 13 122.77 13 219.3
age þ season þ area þ control þ season 3 area þ season 3 control 13 121.19 13 222.41
season þ area þ control þ season 3 area þ season 3 control 12 121.03 12 227.32
age þ season þ area þ control þ season 3 area þ area 3 control 11 124.05 11 219.38
age þ season þ area þ control þ season 3 control þ area 3 control 11 123.09 11 211.40
age þ season þ area þ control þ season 3 area 10 122.79 10 222.12
age þ season þ area þ control þ control 3 area 8 123.12 8 217.87
age þ season þ area þ control þ season 3 control 10 121.85 10 217.92
season þ area þ control þ season 3 control 9 121.84 9 222.26
age þ season þ area þ control 7 125.43 7 222.04
season þ area þ control 5 124.95 5 221.04
age þ season þ area 6 137.46 6 225.32
season þ area 5 231.47
age þ season þ control 6 136.02 6 263.88
season þ control 5 270.71
age þ area þ control 4 148.38 4 230.89
area þ control 3 239.06
age þ area 3 160.83 3 235.78
age þ control 3 168.32 3 277.77
age þ season 4 147.88 4 262.18
site 5 141.05 5 236.74
season 4 149.05 4 268.93
area 2 159.03 2 246.25
control 2 173.20 2 288.57
age 2 276.20
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APPENDIX E
We computed the contact indices for each
cattle at each season using different time and
space windows. The contact indices obtained
with time windows of 7.5 days, 3.7 days, 1.8
days and 0.9 days were highly correlated with
contact indices obtained with time windows of
15 days. Similarly, the contact indices obtained
with space windows of 150meters, 75 meters
and 30meters were highly correlated with
contact indices obtained with a space windows
of 300 meters. So, reducing the length of the
time or the space window is unlikely to have
any influence on the effect of contact index on
serological rates.
Table E1. To strengthen our point that our results are little sensitive to the length of
the spatial and temporal window, we did a sensitivity analysis, testing the
influence of contact rates on sero-conversion using contact rates computed with
varying spatial and temporal windows.
Type Estimate sdt p-value AIC
Spatial window 0–300 m þ id code
incid ; contacts 7.5 d þ age 0.17 0.06 ,0.01* 243.1
incid ; contacts 3.7 d þ age 0.17 0.07 ,0.01* 243.6
incid ; contacts 1.8 d þ age 0,17 0,08 ,0.03* 245
incid ; contacts 0.9 d þ age 0.21 0,09 ,0.02* 244.4
Time window 0–15 d þ id code
incid ; contacts 150 m þ age 0.2 0.07 ,0.006** 242
incid ; contacts 75 m þ age 0.28 0.09 ,0.003** 241
incid ; contacts 30 m þ age 0.4 0.15 ,0.007** 242.8
 Random effect.
 The p-values for the spatial window data are likelihood ratio test p-values.
Fig. E1. Correlation between contact indices computed with varying spatial window lengths for a fixed
temporal window of 0–15 days.
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Fig. E2. Variation over seasons and sites of the average of contact indices computed with varying spatial
window lengths for a fixed temporal window of 0–15 days.
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Fig. E3. Correlation between contact indices computed with varying temporal window lengths for a fixed
spatial window of 0–300 m.
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Fig. E4. Variation over seasons and sites of the average of contact indices computed with varying temporal
window lengths for a fixed spatial window of 0–300 m.
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